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SUPERSONIC -TURBTME-XADE SECTTONS 

By Willard R . Westphal 

The flow chzracterist ics of  two supersor!ic-inlpulse-turbine-blade 
sections  designed f o r  a turnfng  angle or" 160° have been studied. One 
section was of the full-contour  vortex-flow ty-pe krzvhg 2 convex-surface 
design Mach nm5er  eqml to the entering Kach number of 1.57 aod a concave- 
surface  design Mach  number of 0.8. me  o ther  sectioE. had the same concave 
surface bu-i a lerge  part  or' the cocvex surface w a s  cut  away znd a free 
streaxline was l e f t  as the boundary of the f l o w  i n  the passage. 

The full-contou-r  blades had E, recovery  fector of 0.83 a t  En er"iering 
Mech  number of 1.9 and required a variable-geometry tunnel t o  start super- 
sonic  flow i n  the passege. The f ree-s t readice  blades had a recovery fac- 

without  an  increase i n  Mach Ember. 
or' 0.73 a t  an entering Mach number or' 1.7 and started supersonicelly 

Turbines  drive3 by high-pressure  gases  such as silpplied by rocket 
fuels  are  being used to  furnish shaft sower for a variety of uses. Such 
2. powerp1arr"L has a very low installed  ueight and, i f  only a short  oper- 
atipg  t ine is  required,  the total weight of the powenlaot plus fue l  w i l l  
'De Lower than t i a t  of other  poverplants. 

Since %he pressure  of the drlving gases i s  very hQh, a high power 
extrzction per pcmd of gas is  necessary i f  a reasonable  efficiency is t o  
be attained. Many of the applications  require only a few- hundred horse- 
pover and the gas  flow  quantities are then so smlL t'mt a full-annulus- 
aibnission turbice would Le o n l y  a fev inches i n  dianeter and would operate 
zt rotational spee& o f  aver 1C0,OOO r p m .  In Order t o  increase t'ne dfam- 
e t e r  a d  t o  reduce  tne  rotational speed. to  nore'practical  values,  such 
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turbines are usml ly  designed fsr only  partial-annlilus .s&dssion. 
Partial-a&%ission  tmbines  are  inherently less efficient  than full- 
admission mes  because  of the  additional  losses  associated  with  the 
turbine  rotor  blades  entering and leaving  the  driving  gas  stream and 
the  vindage  losses of tae blades  while  out  of  the s t r e w .  Multistage 
partial-admission tlJrbines woald presumably be even less eff ic ient  
because  of t i e  necessity of  collecting the gas strean leaving  eech 
rs tor  rw. 

In  ortier t o  use full adroission i n  some applications where p a r t i a l  
a h i s s i o n  vould  othemise be required, & very  high  inlet-air  angle i s  
zecessay so t P ? t  the axial  velocity would be low. This paper  describes 
<he design a d  cascacie tests of two supersonic-turbipE  blade  sections 
su i tab le   for  sucn  applicaticns.  me  sections were designed fir a high 

, ,  sc tha t  a high sower extraction  could be obtained Trom a turcing  =le 
single  stage. 

IVI 

3 

E* 

6 

V 

‘12 

‘1s 

pressure 

non&rcensiond radius  in  vortex field, radius  divided by 
radius a t  wXch M = 1.0 

spamise  distame f r s m  tlmnel Tall 

inlet-air  angle,  angle  betveen  entering flow and e. Fer- 
pendic-dar to l ine of  blades 

angle of floor from horizontal 

sKpersonic  property  acgle,  mgle tbrrough which flow m u s t  
be t m e d   fro^ M = 1 .O to  given Mach number 

local  recovery factor,  gt,2/pt,m 

sectim recavery  factor of f i r s t  Loassage, s Fi r s t  passage r l Z  

t 

r, 

L lover o r  conczve surfzce 



3 

U upper o r  convex surfzce 
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CQ i n l e t   f r e e  stream 

Design Conditions 

The iclet-air   angle p w a s  selected as 80° siace this value wzs as 
high as vas considered  practicable. The design of  e nozzle that would 
provide the high swirl required by a rotor a t  an  inlet   angle of 80° would 
require  zodification  to rcet'cods presently employed t o  use ra&iel i27_flm 
to  increase  the  tangential  velocity com2onent between the  nozzle  end  the 
rotor. 

The tilrrxing angle w e 6  then  selected as 160° on the basis tht high 
pcwer extractlor- and a small sressure change across the rotor (ixpulse- 
type rotor)  vere 6esireble. An er-tering Mach  number of 1.57 was used 
since an existing test section designed fo r   t h i s  Mach nuvber w a s  sveilable.  

Eesign Considerations 

i f  it is  specified thEt the  blade  passage has e lerge enough throat 
to pass  the  star-lirg shock wzvs of e. fixed-geometry  zpstream  nozzle an-d 
that  the ?Low is of  the vortex  type a t  the  throat,  reference 1 shows Y t a t  
for the Msrch nunber chasen efther  the  design  velues oI" the coovex-scrzme 
Mach nmber xust  be quite high or the  blade loading l rust  be coxparatively 
light. Tfie lov  blade  loadings would resu l t  ir- E flov passage that is 
long i n  coxpmison w i t h  i t s  width and,  hence, would have a large  wetted 
area per unit of pass flow. 

-Fm examples of sections that would just start for an  enterivg Mach 
n;mber or" 1.57, as  determined from figure 13 and W D l e  I of reference 1, 
are shown i n  the following table: 

Elade 
section 

Convex surface Concave surface 
**U 

v 

0.8325 0.8532 1.218 4 0.7102 1.57 l k  I 

*L R* v M  a* M 
- 

I1 0.6137 1.0000 1.000 o 0.4137 2.02 27 
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r." 
s s ~  f i rs t  example has a convex-surface Mach  number equal  to  the  entering 
Mach  number snd  the Lowest concave-surface Mach  number that w i l l  permit 
the  passage t a   s t a r t .  T%.e convex-swface  radias i s  not  nwh  less  than .Y 

that  of the concave surface which xeans that the  width of t'ne flow  passage 
between Slades would  be small i n  conparison  with i ts  length and which 
ixglies a Large wetted  area  per  unit cf m s s  flow. In the second example, 
a greater  difference  in Xach  nurri3er fcr   the  concave and colzvex sllrfaces is  
chosen which greatly improves the  length-width r a t io  of t"he flow  psssage 
?xt 6oes ss at  the expense of  the  rather  high  coavex-surface Mach number. 
If the  su3ersonic  starting problem were avoided, it would  be possible  to 
design a klaee  section  having  both low surface Mach numbers and a more 
favclrable  lengtk-vidth r a t io  of the flow  passage. The s tar t ing pra'olem 
is, of  co"rse, a very r e a l  one fo r  e. fixed-geometry cascacle tunnel  an6 
for  tge  turbine  sf  a gas-turbine  powerplant. For turbines  drivel by ar- 
indepen6ent soL-ce of high-pessure  gas, however, it seems l ike ly  t i a t  
scxe  blade  ccnfigwations that do not start i n  a cascade  tunnel would be 
acceztable  since  the inlet-air angle normally  varies in  the  proger manner 
to essisz  start ing.  If the I " l m ~  i n  the rctor  passage i s  nct  supersonic, 
the  torque tieveloped w5ll be  low a d ,  hence, the  rotational speed w i l l  be 
lower than desigced and w i l l  result ilz a higher  rotor  inlet-air  angle 
which in   t u rn  w i l l  reduce the w i d t h  of the  stream  tube  entering  each 
blade  passage and,  hence, w i l l  assist s ta r t ips .  

One sf the "To blade  sections  described i n  this paFer w a s  designed 
to  sbtair-  desirable  blace  configurations and surface Mach num3ers a t  tne 
&sip- condition, and the  start ing problem was avoided by t b  use  of a 
simple  variable-geoEetry tes t   sect ion.  The second section  also has law 
blafie-surface Xach  numbers and the  startfng grobleE was avoided by elimi- 
nating  the  contracting  t'rroat  usually  required by conventional  supersonic 
blaking. The question sf the s tar t ing behavior of a rotor  using  either 
af  these  sections has not been investigated. 

Full-Contour Blade Sectior- 

The f i rs t  3laCie section, shown in   f i gu re  1, w s s  designed t o   k v e  
concentric  arcs I'sr the greater  part  of the csncave and convex surfaces 
of adjacent  blades. %e design  convex-surface  "ach number w a s  equal  to 
tke  entering  M~ch  nmker of 1.57 ar-d the  design  concave-surface Kach 
nLxber vas 0.8. The su3ersonic  pcrtion of the concave surface and tine 
whole convex surface were laid out by the  characteristic method described 
i n  reference 1. The circular portLon of  the  szbsonic concave surface was 
easily deterrnined s i x e  vortex  flow w e s  assumed and tihe surface Mach nm- 
ber was specified.  mese  cccditions  also  determine  the  entering mass flow 
and,  hesce,  the  width of tce  enteripg  stream  tcbe. The transonic  portion Y 
Letween tke  sozic p i n t  ana the  circular  portion wzs a rb i t r z r i l y  drawn as 
E smsotiljjr %ired lice. ';-he leadizlg  an& t r a i l i ng  edges were madified to  
incorpsrate E wedge angle of 8O wtthsat changing the concave surface tj 
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contow  (ref. 1). It should be noted that th i s  blade  section cannot 
start a t  a Mach  number of 1.57. 

Free-Stredine  3lade  Section 

All of t i e  convex surface of the  blades in   f i gu re  1 except Yne 
leeding-edge  and  treiling-edge wedges has the same locdL Mech nm-ber a t  
design  conditions. ".he pressure is, therefore,  the  sane  over the SUT- 
face and  the o d y  force  exerted on it is that due t o  skin  f r ic t ion.  It 
appears,  therefore, that nuch of this surface  could be removed without 
greatly changing the f low patte-m. The convex-surface Mach ember was, 
i n   f a c t ,  Zade equal to the upstreem Msch  number fo r  this purpose. The 
free-streanline  blade  section shown in  f igure 2 5s the s.zme %s that of 
figure 1 except  for  the removal of par t  of the convex surface which, 
thereby,  reduces  the  blade  wetted  su-rface  and  essentially  eliminates  the 
Ynroat contraction. !The decrease in   losses  due t o  sick f r i c t ion  is  
counteracted by the adat ional  losses due t o  the turbulence at  the  free- 
strean boundary. If the air i n  the  space formerly occupied by the blade 
were more or less   s ta t ionary o r  i f  it were being  continually  c&rried 
downstream and replaced, it is  quite  appareat that the  free-streamlhe 
blades would have greater  losses thm the full-con"tour blades because of 
the  larger  scale  turbulence a t  the free-streamline  interface than a t  the 
blade  surface.  Emever,  since the air i s  conlined t o  a space that i s  
nearly round, a t   l e a s t   a s  coEpared w i t h  the usual shape of' a separated 
flow  bubble of a  conventlond  airfoil ,  c t  should be able t o  rotate  as a 
vortex  an&,  thereby,  greatly  reduce  the  difference in  velocity  across the 
free  streamline. The peripheral  velocity of the  vortex is such that the 
energy l o s t  by Tie vortex due t o  sk in   f r ic t ion  alortg surface AB is trans- 
ferred from the   az in   s t rem f low t o  the vortex  flow  along  the  free  strean- 
l ine .  For these  very high t-urnirs  angles,  the  length of boundary $3 is  
smdl re lz t ive  t o  the  length 02 the  wetted  surface  that was removed. 
Hence, it was considered  possible that the   f ree-s t red ine   b lades  might 
shaw laver losses than  the  full-contour  blades. Besides  avoiding  the 
supersonic startips problem and reducing the wetted-surface  area, the 
free-streanline  blades have these other  posslble  advantages  over conven- 
tional  I"ull-contour  blades : 

1. Tne effect  of back pressure on torque would be quite  tiifferent f o r  
a  turbine hav5ng free-streamline  blading  sir-ce "&e s ta t ic   pressure i s  prop- 
agated  upstream  through  the  rotor  even  though  the  velocities  relative to 
the  rotor  are  su3ersonic.  Tnis  effect may or may not be adnntegeous, 
&eper,ding  on the  application. 

2. Since  the  wetted  swface  mailable f o r  heat transfer t o  the  blade 
is  less,  blade  cooling  should  be  easier. 
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3 .  The blade taper from root to t i p  of a rotor blade could  be 
dictated  largely by xechanical  considerations  since the location of the 
solid-blade  bs-mdary t o  the free streemline is not   cr i t ical .  B 

r 

In  order  to  evalwte the re lat ive  perfomnce of these two blade 
sections,  en  existing  2-inch by 3-inch blowdown-jet tes t   sect ion  lccated 
i n  the GES Dynazics Branch of the Langley Aeronautical  Taboratory w a s  
*sed  since their turning angle was too great   to  be accomodated i n  the 
TLangley 6-inch by  LC-inch supersozic  cascade tunnel. The test  section 
h d  no provision for boundary-layer  bleedoff and taming-angle measure- 
Eents  but was considered aciequate for determining  the  recovery  factor of 
the txo blade  sections.  Tie wave patterns were also cbserved by a 
sck%ieren  systen ackjustad for low sensi t ivi ty  so  tiet the  pictures are 
essentizlly shadowgraphs . 

F i g c e  3 is a sketch of t ie  test sectioo  with one side wall removed 
and the  full-ccntow blades installed.  The angle of the lower f loor  was 
adjustamble fro= horizor,tal  to 18O open so t-mt the Mach  number enterlng 
the klade row could be increased f o r  starting  the  full-corhcur blades. 
The floor mgle was set st lao prior  to  tunnel  operetion and was  reduced 
to  the mininun s e t t i n g   a t  which ei ther  one or two passages were observed 
to  remain startea. 'lke rake w&s EovtiDle both spanwise and s t reawise ,  
bu% a l l  the  &ta  ?resented  vere t a e n  with it i n  the streamwise position 
sham. Sp&rmFse surveys of one-half of the passage -were made at  two floor 
angles for each  blade  section. The +so stat ic   tubes were 1/2 ioch away 
snanwise frm Yne l ine  of total-gressure  tubes. T4re s t a t i c   o r i f i ce s  were 
a t  t i e  sane streemwise station  as the total-presslure  orifices. 

T 

* 

This test section  did  not  closely simulate an infinite  cascade. The 
lover flosr was slvays fro= 2' t o  9' osen and the  expansion waves from 
the floor hinge l ine  a d  their reflections produced  an  appreciable Mach 
n'mber gradient  in  the  entering flow. The entering Mach nmbers  reported 
were found f ron the inclinztions of the Mach llne  near  the  entrance t o  
the first gassage  and are thought t o  be accurete  to 20.05. The recovery 
factors reported  are from area weighted  averages of the tc ta l  p r e s s u e  
measured by a rake i n  the first passage. The Mach number ahead of the 
total-press-ue  tube was determined by assuming the static  tubes measured 
static pressure ahead of the b ~ w  wave of the total-pressure t.tbes. The 
rake's total-pressure  reaangs were corrected for the n o m 1  shock loss 
by use of this Mach nmber, 

The entering  total  pressure w a s  ap?rcximtely 3 atniospheres for a l l  b 
tests  reported. The discharde pressszre was atmsspherlc. Prelimimry 
tests showefi that $here was no further change i n  flow pat tern  qstrewn of 
the  rake as pressEe  r&tio WAS increased. 

d 
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The settling-chamber  pressure w e s  measured by a  calibrated Bowdon 

type  gage.  Other pressures were recorded by photographing n;erctc_ry filled 
mnometer boards. I 

~ S U i X S  AND DZSCLJSSIOB 

Full-Contour  Blzdes 

Figure 4 i s  a  schlieren  photograph of the  full-contour  blades a t  a 
f loor  angle of 8.40. This is the  lowest  floor  angle a t  which both  vis- 
i b l e  pessages  are sA&rted. Toe  Mach  number a t  the entrance of the first 
gessage is about 2.0. 

Tnis cascade  could  not  operate a t  the  design  entering Mach n u b e r  
of 1.57 because the  design  incorgorated na allowames f o r  boundary-layer 
effects .  These blade  sectioos  are  particularly  inflexible as f a r  as 
being  able  to &just the i r  flow patter= for ever- small errors i n  
boundmy-l&yer  allowance  because  the  passage is very  nearly choked when 
o-oerating a t  the intended  design  con6itioo. The s o d c   l i n e  i s  quite 
close t o  the  mea.  radius OF the  passage and, as  poir-ted out  i n   r e f e r -  
ence 1, t h i s  i s  approximately  the I"lm condition for  maximum possible 
mess flov. Sections  designed for supersonic Mach numbers on both sur- 
faces,  but  not  necessarily  capable of s tar t ing,  woula be Eble -Go operate 

layer  al lmaace were too sxall. This, of course, assumes that supersonic 
flow is established in the  bla6e  passage by varying  the  enterFng Mlch num- 
b e r   i n  some manner. 

s 

t closer t o  or  a t  the design  entering Mach nmiber even i f  the boundary- 

The oblique shock OII the concave side of  the  leading edge (fig.  4) 
appears t o  cause  flow separetion where it hnsipses on the  cowex  surface. 
Tnis shock wave is  of f in i te   s t rength  because of' the  expansion from % h e  
f loor hinge l ine.  Sone of the reflections of  these waves fa l l  behind  the 
lea6ing edge; -hence, Cne local  incidence  angle of the concave side of  the 
leading edge i s  slightly  posit ive  instead of zero. 'Ibis separation  prob- 
a51y contributes  a  collsiderable  part of the losses end also  further 
decreases  the  effective  throat  area. 

The section  recovery  factors  are  obtained by Ir?echmLcsl integration 
of  the first passages of the curves of figure 5 and are  plotted i n  f ig -  
ure 6. Note tht these  section  recovery  factors do not  incluae the 
mixic3 loss or  all of the  f r ic t ion  loss  03 the f i r s t  blades  sicce  the 
rake i s  not downstream of the whole pqssage (f ig .  3 ) .  The passage 
recovery  factor i s  found t o  be 0.75 by integrzting  figure 6. 

The  Mach  nurriber a t  the  entrance t o  the f i r s t  passage  decreased  only 
s l igh t lg  t o  about 1.9 as the floor angle w a s  lowered t o  5.2'. Figure 7 



8 NACA RM L57F21 

i s  a schlieren photograph at this floor  angle &nd figures 8 an& 6 show 
the  recovery  factors.  This was the lo-xest angle a t  vhich  the f irst  pas- 
sage was supersonic. There was a detached shock a t  the  entrance of the 
second  passage. The recovery  factor  increased  to 0.83  perhzps  becadse 
of the lower fixing  losses  with  the flow of the second  passage. 

F. 

'x 

Free-Streamline Elades 

The cascade  of  free-streemline blades dfd  not  require  an  increase 
in  f loor  angle  for  start ing.  me flow qat tern WES the same regerdless 
of  whether the  operating  condition was approached by opening o r  closing 
the  floor. 

Figtxre 9 i s  a schlieren  photograph oi the free-streamline  blades a t  
a f l o o r  angle o f  5.2' and an  enterizlg Hach nm3er of about 1.9. These 
are t'le conditions a t  which the  full-contour  blades had tlx highest 
reccvery  factor,  within their range  of  operation. 

The f r e e - s t r e d i n e  blades  appear t o  'nave a larger boundary layer 
OII the  blade  surface after the flew has  reattached than the full-contour 
blades had on the same surface.  Figure 10 when  compared with  figure 8 
shaws tha t  the local recovery fector is less  than that f o r  the full- 
co?tour  blades anE that  the secondary  flow effects  are much less (flow 
?nore nearly two-dimensicnal  sganwise or  are masked by the turbulence 
and  rrixing a t  t3e bo:mciary of the  vortex. The gassage  recovery  factcr 
f r s m  figs-e 11 is 0.68 or 0.15 lower  than thet of  the  full-contour bla&es. * 

Figure  12 i s  a  schlieren  photogragh of the  free-streamline  blades a t  
e. fioor  angle of 2.3O which is the  lowest  aagle a t  which the  flow was 
supersonic. The flow pattern is similar t o   t h a t   a t  a floor  angle of  5.2O 
end figure 13 s k w s  the section  recovery  fectors  to be slightly  higher.  
The passage  recovery  factor from figure 11 is  0.73. 

Comparison cf  Perfomance 

The performance h t a  oI" the two blade  sections are smmarized i n  the 
fol lming  table  : 

FCLl-contour blades Free -s treanline blades 

Floer  angle 

0.73 0.68 0.83 0.75 Recovery fsctor  
1.7 1.9 1.9 2.0 En-Lering Mach  number 
2.3 5.2 5.2 8.h 
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The only  other know p e r f o m m e  data f9r blace  sec-lions havillg 
turnir-g  eagles comparable t o  these Ere presented i??- reference 1. The 
recovery factors of four different blade  sections desigEed f o r  a turning 
angle of L20° were a l l  ebout 0.88 a t  an entering Mach nunber o f  1.57. 

Two Hays t o  improve the per2oroiance of Ynese full-contcur blades 
are apparent.  Incorporating a suitable born-dary-layer  allowmce woirld 
pemit   the  blades to  operate a t  a lower rMach number. Also, el inination 
of' the shock wave spznning  the  passage  entrar-ce by progerly  vatching 
the  entering Mzch  number of the SlaCies f o r  best perfommce and the 
wave-free 1 4 ~ ~ 9 .  nuber  of the t u e l  would probably  redwe the separation 
and the  losses. Tnese  chznges  should Lxqrove the %lades' s e r f o m c e  
but  tne  mgnitude of the  bgrovement is, of course, unknm-n. 

The dzta for  the  free-streamlice ble&s do not  suggest  any  obvious 
chnge that would improve their per fomnce .  Tkeir performance  should 
De coqared  with that or" a blade section ths t  would turn  the f lox  1600 
an-d s tar t  superscnically et the desi,gn Mach  number and  angle. No such 
&at= ere  availeble. m-e recovery  factor of these first free-stremiLine 
Slates is low (0.73) but  their  otiner acvantages nay make them suitable 
f o r  some zgplications . 

Two impulse-type tw-o i r r e  blade sections designed f o r  krlgh pover 
extraction and relat ively 103 zxLal i n l e t  Mach nilTdDer are described. 
%oth sections vere designed fo r   en   i n l e t - a i r  angle of 80° and a re la t ive  
i n l e t  Mach  number of 1.57. 

r- rfie full-contour  blades, which required a variable Mach nmber 
nozzle for susersonic  starting,  could  not  operate below En entering Mach 
n-imber of 1.9 because of' a lack of boundary-layer growth allowance. For 
this  condition, a passage  pressure  recovery of 0.83 w a s  aeasured. Tibe 
data suggest two possible  hprovements i n  the desi@- t o  pennit  operetion 
at design ir let  Mach numbers. The free-streamline  blades, which elimimte 
the s7;zrting problem,  although casable of operation a t  lover Yich nu-lrber 
t k n  tbe full-contour blade, exhibited  poorer  perfom-ance. A pressure 
recovery or' 0.73 was measured at  zn i n l e t  Mach nmber of 1.7. 

La-ngley Aeronauticel  Laboratory, 
Iktional Advisory C m i t t e e  f o r  Aeronautics, 

Langley Field, Va., June 6, 1957. 
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Figure 1. - Full-contour blade sections. A l l  dimensions are i n  inches unless  otherwise indicated. 
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Figure 2.- Free-streamline  blade  sections. A l l  dimensions are  in inches unless otherwise 
indicated. 
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Figure 3 . -  Sketch of t e s t  section with full-contour  blade secsion installed and one Wall removed. w 



L-37-1616 
Figure 4. - Schlieren photograph of full-contour blades at a f loo r  angle of 8.4’. Rake is 

1.500 inches from tunnel wall. 
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EisuLnce across passage froa blade surface, ih. 

0 Figure 5.- Local recovery factor  for full-contour blades at a floor angle 
of 8.4'. Both visible passages started. 
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Figure 6. - Spanwise  variation of section  recovery  factor of  first  passage. 
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2-57-1617 
Figure '7. - Schlieren photograph of full-contour  blades at a floor angle of 5.2O. Rake is 

1.500 inches from tunnel wall. 
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Fig:;re 6.- Local recovery factor for full-contour blades at a f l o o r  angle 
of 5.20. O n l y  first passage  started. 
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Figure 10.- Local recovery factor for free-streamline blades at a f loor  
angle of 5.2O. 
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Figure 11.- Spanwise variation of section recovery. factor of first passage. 



/ 
I . 

I 

I 

L-57-1619 
Figure 12. - Schlieren photograph of free-streamline  blades a t  a floor awle of 2.3'. Rake is - c 

0.0hO inch from tunnel wall. 
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1 Figure 13.- Local  recovery  factor for free-streamline  blade at a f l o o r  
angle of 2.3O. 
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